Introduction
In this article I examine biosynthetic pathways in which the amide of a glutamine serves as a source of nitrogen. Figure 1 summarizes the role of glutamine as a nitrogen donor for the biosynthesis of amino acids, purine and pyrimidine nucleotides, coenzymes and amino sugars. There are 16 glutamine amidotransferases that function to provide nitrogen in the pathways outlined in Figure 1 [ 13. The focus here is on structure-function relationships and mechanisms that are involved in co-ordinating steps in some of these pathways.
Glutamine amidotransferase structure-function relationship
Most amidotransferases have the capacity to hydrolyse glutamine and to utilize exogenous NH, in of a two-step reaction for the overall amide transfer:
Glutamine + glutamate + NH, NH, + R + RNH,
which can be represented as follows:
The nature of 'NH,' in equation (1) is not understood. The amide released from glutamine does not exchange with NH, in the medium and may in fact be transferred directly to the second substrate. The reaction represented in equation (1) Studies with several amidotransferases indicate that the invariant cysteine has an essential catalytic role -the formation of a covalent glutaminyl intermediate [ 1 1, 17-22] . In addition replacement of conserved residues by site-directed mutagenesis has provided evidence for a histidine and an acidic residue in GAT function [23, 24] . The mechanism for GAT appears similar in amidotransferases of the two subfamilies [ 11.
Evolution of glutamine amidotransferases
Several investigators have suggested that glutamine amidotransferases may have evolved from ancestral NH,-dependent enzymes by recruitment of a GAT domain [17, [25] [26] [27] . This proposal is supported by amino acid sequence information derived from cloned genes. Pairwise alignments of the seven G-type and the four F-type GAT domains in Escherichia coli amidotransferases indicates 18-45% and 17-34% identity, respectively. These levels of identity in protein chains of -150-200 amino acids having identical function, coupled with conservation of signature sequences involved in catalysis, strongly supports divergent evolution from a common ancestral gene. According to this view, the NH,-dependent activity thus may reflect the function of the progenitor enzyme.
Tryptophan-folic acid relationship
There are several interesting connections between enzymes involved in the synthesis of anthranilate in the tryptophan pathway and PARA in the pathway to folate. The conversion of chorismate into anthranilate (0-aminobenzoate) proceeds through an aminated enzyme-bound intermediate, 2-amino-2-deoxy isochorismate (T. Morollo and R. Rauerle, personal communications), whereas 4-amino-4-deoxychorismate (ADC) is a bona fule free intermediate in the two-step conversion of chorismate into PARA [28] . These related intermediates reflect the similarity in reaction mechanism for conversion of chorismate into o-and p-aminobenzoates. However, a single enzyme, anthranilate synthase, catalyses synthesis of anthranilate, whereas two enzymes, ADC synthase and ADC lyase, catalyse the synthesis and breakdown of ADC. The amidotransferases, anthranilate synthase and ADC synthase are homologous [6, 291. In fact, in some bacteria including Bacillus subtilis these enzymes share a common GAT subunit [30] . In addition to a similar reaction mechanism and closely related enzymes, at least one gene for folate and tryptophan synthesis is co-regulated. B. subtilis trpG which encodes the GAT subunit for ADC synthase and anthranilate synthase is in a folate operon [31] . Genes for the trp operon and trpG in a folate operon are co-regulated by mtrB although mechanistic details differ [32] .
De novo purine nucleotide synthesis
Purine nucleotides are synthesized de nova by a 14-step pathway from PRPP with input of the amide of glutamine, glycine, a one carbon unit from N"'-formyltetrahydrofolate, the amino group of aspartate and H C O j . Although the pathway is invariant in micro-organisms and vertebrates, there are different patterns of enzyme and gene organization and different regulatory circuits. Here we examine selected examples of gene regulation and enzyme function that bear upon intra-and cross-pathway interactions for purine nucleotide biosynthesis in bacteria and animals.
In E. coli nine operons encode the enzymes for the 14 steps leading to the synthesis of AMP and GMP. Transcription of eight of these operons is co- [35, 361 . The pur operator is also found in genes involved with feeding intermediates into the pathway [37] . As a result, the synthesis and input of glycine, N"-formyltetrahydrofolate and glutamine is in part controlled by PurR. In addition, synthesis of pyrimidines is subject to cross pathway control. Co-regulation of two steps in pyrimidine synthesis by PurR may function to co-ordinate the synthesis of purine and pyrimidine nucleotides. The recent identification of a DnaA box in the p B A promoter region provides an added regulatory link between DNA replication and GMP synthesis [38] .
In B. subtilis there is an entirely different pattern for the organization and regulation of genes for purine nucleotide synthesis. In general, genes are more tightly clustered in B. subtdis than in E. coli [39] . A single 12-gene pur operon encodes enzymes for the 10 steps to IMP [39] . Three additional unlinked genes, not considered here, are involved with the final steps to AMP and GMP. The pur operon is subject to dual regulation by adenine and guanine compounds. An adenine compound regulates transcription initiation whereas a guanine
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[purlpurM purEK purC purB -purH compound regulates transcription by a terminationantitermination mechanism in a 5'-untranslated mRNA leader region preceding the first structural gene. In addition, a series of gene overlaps suggests a mechanism of translational coupling to co-ordinate the stoichiometry for synthesis of the nine enzymes required for production of IMP [39] . There are reasons to expect enzyme interactions but direct evidence is not available. For example, the product of enzyme 1, phosphoribosylamine, is labile with a half-life of less than 40s and, therefore, is likely to be channelled directly to enzyme 2 without release into the cytosol [40] . In addition, two enzymes in the pathway to IMP are heteroligomers that probably require 1 : 1 subunit assembly 1391.
T o extend the analysis of purine nucleotide synthesis to vertebrates we have cloned cDNAs and genes from the chicken and human [37] . Functional complementation of E. colipur mutants and PCR cloning have afforded a nearly complete set of cDNAs for steps of the pathway from chicken and human libraries. This sequence information allows a series of inferences to be made about enzyme organization and function. Table 1 presents a comparison of gene and enzyme organization in E. coli and humans. In each case there is a comparable number of transcription units in the genome. In E. coli co-regulation is achieved by transcriptional regulation of operons encoding monofunctional enzymes. In the animal there is no information about purine gene regulation, but multifunctional enzymes provide the type of co-ordinated synthesis that results from multicistronic E. coli operons.
Thus, we conclude, as had Henikoff [41] earlier, than one role for multifunctional enzymes is to co-ordinate the synthesis of linked functions.
In vertebrates there are three multifunctional enzymes in this pathway, which catalyse steps 2-3-5, 6-7 and 9-10 ( Table 1 ). In addition a single monofunctional enzyme catalyses steps 8 and 12.
Sequence similarities between mono-and multifunctional enzymes for steps 2, 3 and 5 , and 6, 7
provide support for an evolutionary relationship involving gene fusions. In the case of the trifunctional enzyme encoded by the 5'-phosphoribosylglycinamide transformylase (GART) gene, fusions could have occurred in two steps to yield a protein having functions for steps 2-5-3 arranged from the N-to the C-terminus. In a progenitor similar to E. coli or B. subtilis a single nucleotide insertion in overlapping translation termination and initiation regions in purMN genes would generate an inframe fusion of enzymes 5 and 3. A precisely positioned intron between genes for steps 2 and 5 [42] suggests a transposition for the purpose of gene fusion.
It is attractive to imagine that at least two additional enzymes may interact with the trifunctional GART enzyme. Interaction of the trifunctional enzyme with enzyme 1 could alleviate the lability problem of phosphoribosylamine, and interaction
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with enzyme 4 could allow coupled synthesis of product 5 from PRPP without release of free intermediates. The possibility of a purine pathway multienzyme complex has been considered previously [37, 41] .
A second multifunctional enzyme S'-phosphoribosylaminoimidazole (AIR) carboxylase/S'-phosphoribosyl 4-(N-succinocarboxamide)-5-aminoimidazole (SAICAR) synthetase catalyses steps 6 and 7, respectively, and is unique to higher eukaryotes. In contrast, these enzymes are monofunctional in prokaryotes (Figure 2 Research from the author's laboratory was supported by United States Public Health Service Grant GM 24658.
